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1. Introductio n

Chemical engineering currently stands at a decisive moment: 
Its carbon-neutrality stance must shift from a policy aspiration to 
a defining engineering mandate of the 21st century, as 148 coun-
tries have formally pledged to achieve net-zero or carbon neutral-
ity by 2050 [1]. Within this context, a reshaping of industrial 
systems, technological priorities, and societal expectations is 
imminent. Looking deeper, the transition to carbon neutrality is 
not optional for the chemical industry: It is a mandatory structural 
transformation that will determine the sector competitiveness, 
legitimacy, and long-term survival. It is obvious that the chemical 
industry sits at the intersection of global energy systems, resource
flows, and manufacturing networks, producing essential com-
pounds while generating substantial greenhouse gas (GHG) emis-
sions at the same time. According to global assessments, the
chemical sector accounts for 3%–5% of global carbon dioxide
(CO2) emissions, as reported in Fig. 1, underlining the need for a 
carbon-neutrality revolution [2]. 

The chemical industry must decarbonize its own operations 
while simultaneously enabling a broader energy transition through 
new materials, catalysts, solvents, and carbon-management tech-
nologies. Achieving this requires more than incremental improve-
ments: It demands a fundamental rethinking of how emissions are 
measured, how processes are designed, and how carbon itself is 
conceptualized within industrial systems. Looking ahead, the 
chemical sector faces four strategic imperatives. First, it must 
embed carbon transparency into every process and product, 
enabling a real-time understanding of emissions and their drivers. 
Second, it must integrate carbon capture, utilization, and storage 
(CCUS) into core flowsheets, transforming CO2 from a waste stream 
into a resource. Third, it must pioneer negative-carbon pathways
that actively remove CO2 from the atmosphere. Fourth, it must
consider system-level integrations to ensure higher energy effi-
ciency and exploit renewable energy. Each of these imperatives
is technologically demanding, economically complex, and region-
ally specific; together, they define the future of climate-aligned
chemical engineering. It is evident that the chemical industrial
transition toward carbon neutrality will not be a single milestone;
rather, it must be a multilayered transformation that touches every
aspect of chemical engineering, from feedstock selection and reac-
tion pathways to energy integration, supply chains, and end-of-life 
management. CO2 must not be considered as an externality to be 
minimized; it must become a central design variable, embedded 
in process control, supply-chain decisions, and industrial planning.
According to these considerations, these suggested imperatives are
discussed in this paper, which underlines challenges and future
directions for the research community.

2. Rethinking measurement: The new era of carbon footprint
quantification

The first pillar of carbon neutrality is the quantification of car-
bon footprints. Without accurate and transparent data, decar-
bonization strategies risk being symbolic rather than substantive. 
Historically, emissions accounting in the chemical industry has 
been coarse and retrospective. Annual reporting cycles, plant-wide 
averages, and generic emission factors were sufficient for compli-
ance-oriented frameworks, but they are inadequate for the 
demands of carbon neutrality. This lag is unacceptable in a car-
bon-constrained world. To reduce emissions meaningfully, indus-
tries must first understand them with precision. This requires a
shift from aggregated, static reporting to continuous, process-level
monitoring, as well as the integration of measurement directly into
operational decision-making, rather than treating the measure-
ment as a separate administrative task. In essence, carbon must
become a real-time performance metric, like temperature, pres-
sure, or yield, and chemical engineering must redesign itself
around this principle.

A clearer understanding of these shifts emerges when examin-
ing the comparative performance of traditional and emerging car-
bon-footprint quantification approaches, as shown in Table 1. 
Annual inventory reporting, still the dominant method in many 
facilities, offers only yearly, plant-level insights based on aggre-
gated measurements, which are too coarse for operational deci-
sions. This explains why compliance-oriented reporting has 
historically failed to drive real decarbonization: It cannot capture 
transient emission spikes, process-specific inefficiencies, or pro-
duct-level variability. Process-level life-cycle assessment (LCA)
improves granularity by providing cradle-to-gate, product-specific
assessments, but its static nature and high data requirements make
it unsuitable for continuous optimization in fast-evolving indus-
trial environments. In contrast, digital-twin-enabled monitoring
and artificial intelligence (AI)-enhanced carbon analytics represent

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2026.06.010&domain=pdf
https://doi.org/10.1016/j.eng.2026.06.010
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.eng.2026.06.010
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


G. Leonzio Engineering 64 (2026) 20–24

Fig. 1. Global GHG emission assessments. (a) Global GHG emissions by sector. (b) Industrial emissions breakdown. (c) Chemical industrial emissions breakdown [2]. 

Table 1 
Comparison of carbon footprint quantification approaches.

Temporal 
resolution 

Approach System boundary Data source Strength Limitations 

Aggregated 
measurements 

Too coarse for operational
decisions

Annual inventory reporting Yearly Plant level Simple, widely used

Process-level LCA Static Cradle-to-gate Engineering models Product-specific insights Slow updates, high data needs
Digital-twin-enabled 

monitoring 
Unit operation
level

Real time Sensors + simulations Very detailed data points Requires digital infrastructure

Detects anomalies,
optimizes

AI-enhanced carbon analytics Real time Flexible Hybrid datasets Dependent on data quality
a qualitative leap forward. Digital twins provide real-time, unit-
operation-level visibility by combining sensor data with high-fide-
lity simulations, enabling engineers to identify emission hotspots
and test mitigation strategies dynamically [3]. AI-based analytics 
further expand this capability by integrating hybrid datasets, 
detecting anomalies, forecasting emissions, and optimizing process
conditions [4,5]. However, as Table 1 highlights, these advanced 
approaches depend heavily on a robust digital infrastructure and 
high-quality data, two of the most significant bottlenecks currently
limiting industrial adoption [6]. The contrast across the four 
approaches underscores a central message: The transition to car-
bon neutrality requires a shift from retrospective, aggregated
reporting to continuous, data-rich, and operationally integrated
carbon-monitoring systems. Table 1 therefore does not simply 
summarize methods; it illustrates the structural transformation
required for carbon-aware chemical engineering.

In the next decade, the chemical industry must prioritize open-
access platforms, harmonized protocols, and scalable digital retro-
fits for existing plants. The emergence of blockchain-based carbon-
traceability systems offers a promising direction, enabling tamper-
proof product footprints and transparent supply-chain emissions. 
Moreover, edge-AI devices capable of processing emissions data 
locally could reduce latency and dependence on cloud infrastruc-
ture. On the other hand, predictive carbon management (where
machine-learning models forecast emissions under different oper-
ating scenarios) could allow operators to anticipate and prevent
high-emission scenarios rather than responding after the fact.
21
Hence, in the longer term, carbon measurement will evolve into 
a fully integrated component of process control. Plants will be 
designed with embedded carbon-monitoring architectures, 
enabling the autonomous optimization of emissions. Industrial
policy must mandate standardized carbon-reporting protocols
and incentivize digital retrofits to ensure that advanced quantifica-
tion approaches become the norm rather than isolated pilots.

Within this framework, engineering curricula must embed car-
bon accounting, digital twins, and AI-based monitoring as core 
competencies rather than elective topics. Research funding must 
shift toward digital infrastructure, data interoperability, and real-
time emissions monitoring, areas that remain chronically under-
funded despite being foundational for carbon-neutral operations.

3. CCUS technologies: From optional add-on to structural
backbone

If measurement is the foundation of carbon neutrality, CCUS 
technologies are the bridge between current industrial realities 
and future zero-carbon systems. Many chemical processes, such
as steam methane reforming, ammonia synthesis, and ethylene
production, generate CO2 not only from energy use but from the
chemistry itself [7]. For these processes, electrification or efficiency 
improvements alone cannot eliminate emissions; CCUS thus pro-
vides a pathway to capture these unavoidable emissions and either
store them or convert them into valuable products. CCUS is not an
option but a structural requirement for carbon neutrality, creating
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a new value chain and reducing dependence on fossil-derived car-
bon [8]. This direction aligns with the broader concept of a circular 
carbon economy, where carbon atoms circulate through industrial
systems rather than accumulating in the atmosphere [9]. 

CCUS remains trapped in pilot-scale stagnation because the 
field refuses to treat it as core infrastructure. Moreover, existing 
CO2-capture technologies have significant energy losses and high 
energy requirements, and recently proposed CO2 capture systems 
also contain limitations. Electrochemical CO2-capture technolo-
gies, despite their outstanding advantages, have not yet reached 
the commercialized scale. For the latest CO2 conversion routes 
such as photocatalytic and electrochemical routes, the challenge 
lies in overcoming the inert nature of the CO2 molecule via an 
appropriate catalyst and process efficiency, in order to achieve 
good reduction on a large scale. Similarly, for microbial elec-
trosynthesis systems, which combine the advantages of inorganic 
and microbial-catalyzed electrocatalysis, many technical and
economic challenges must be addressed before the technology
can become viable. Another challenge in CCUS systems is the
integration of CO2 capture and electrochemical conversion due
to the high energy requirement and costs. CO2 storage also pre-
sents limitations. In CO2-ehanced oil recovery (CO2-EOR), the
effectiveness of the process is influenced by multiple factors,
including the reservoir geology, temperature, pressure condi-
tions, and physical and chemical characteristics of the oil. Poten-
tial CO2-induced corrosion of production pipelines must also be
taken into account.

Future progress is needed in CCUS technologies. The develop-
ment of advanced energy-efficient technologies is recommended 
to achieve CO2 capture without energy losses or high energy 
demands. Substantial research is still required to identify capture 
agents with consistent structural characteristics and superior per-
formance. Carbon-capture systems can be integrated with the pho-
tothermal properties of advanced materials, enabling solar energy 
to drive sorbent regeneration and thereby lower the reliance on
fossil-fuel-based heat. Further optimization of electrochemical
capture systems to achieve a desirable Faraday efficiency at a
low current density is needed. Algal–bacterial biofilms represent
a promising approach for CO2 capture, and multiple avenues
remain for enhancing their overall sequestration efficiency, such
Fig. 2. Classification of NETs according to carbon capture, earth system, and sto

22
as the optimization of reactor design for the optimal exploitation 
of solar energy. Regarding CO2 utilization, drawing inspiration 
from natural photosynthesis, the development of efficient CO2-
conversion technologies for producing value-added chemicals 
and fuels can be a major research focus in coming years, as well 
as a promising pathway for supporting global climate stabilization. 
In parallel, the development of a high-performance catalyst with 
fast kinetics, high selectivity, enduring stability, and a low manu-
facturing cost is suggested. In addition to the future research
described above, more efforts are needed to better integrate the
carbon capture and conversion steps, increase overall energy effi-
ciency, and lower operational costs. All these developments are
required to treat CCUS not as a peripheral technology but as a core
unit operation in future flowsheets.

CCUS stagnation is not primarily a scientific failure but a struc-
tural one. Research funding remains fragmented and risk-averse, 
preventing the scale-up of promising electrochemical, photother-
mal, and bio-hybrid systems. Engineering education still treats 
CCUS as a niche topic rather than a core unit operation. Industrial 
policy continues to lack stable carbon-pricing mechanisms, long-
term storage regulations, and incentives for CO2 transport infras-
tructure. To overcome these barriers, the discipline must advocate
for mission-oriented funding programs, standardized permitting
frameworks, and the mandatory integration of CCUS readiness into
new plant designs.

4. The rise of negative-carbon chemical pathways to redefine
the purpose of the chemical industry

While CCUS provides a bridge to zero-carbon systems, the long-
term horizon of carbon neutrality lies in negative emissions tech-
nologies (NETs) (Fig. 2) [10] because global climate models show 
that achieving climate targets requires not only reducing emissions
but removing CO2 from the atmosphere [10,11]. This represents a 
profound shift in industrial thinking: For decades, the goal was 
to minimize emissions, while today, the goal is to design processes
that actively reverse them.

Although challenges remain, particularly in energy efficiency 
and cost, progress is accelerating [12]. One challenge is that the 
capacity of land and sea is inherently finite, and relying on these
rage medium. Implementation options are distinguished for each NET [10]. 
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natural sinks alone risks significant ecological disruption. For this 
reason, stabilizing atmospheric CO2 levels requires integrating nat-
ural mitigation pathways with engineered approaches such as cap-
ture, storage, utilization, and conversion.

But the opportunity is transformative. The optimal manage-
ment of land and ocean in NETs must be required. For example, 
shifting from monocultures to mixed plantations has been shown 
to enhance the efficient use of light and other environmental 
resources, while also improving soil fertility and carbon storage 
capacity. For ocean-based approaches, rock powder must be con-
sidered due to its positive effects on soils and vegetation, ensuring 
that CO2 uptake is achieved. As an additional point, a range of long-
term sequestration strategies should be explored (e.g., targeted fer-
tilization, crop rotation, and diversified planting structures) to
simultaneously improve soil quality and boost agricultural produc-
tivity and carbon storage. Conversely, biochar performance can be
further enhanced through targeted modifications (e.g., increasing
its specific surface area and microporosity, tailoring surface func-
tional groups, incorporating alkaline earth or alkali metal dopants,
and improving its hydrophobic character) to achieve stronger CO2

adsorption capacity.
In the long term, negative-carbon pathways must redefine the 

role of the chemical industry in society. Instead of being viewed 
as a major emitter, the industry can become a central pillar of glo-
bal carbon-rem oval strategies. Chemical plants can function as
artificial forests, absorbing CO2 while producing valuable materi-
als. Entire value chains can be redesigned around carbon-negative
feedstocks, enabling climate-positive products and markets.

Negative-carbon pathways will not mature without deliberate 
structural reforms. Universities must train engineers who under-
stand both the thermodynamics and the ecological implications 
of NETs. Funding agencies must support long-duration field trials, 
ecosystem monitoring, and catalyst development rather than 
short-term laboratory studies. Policymakers must establish dur-
able carbon-removal markets, certification systems, and land-use
frameworks that reward long-term sequestration. Without these
changes, NETs will remain scientifically promising but commer-
cially and socially marginal.
5. System-level integration: The missing pillar for carbon
neutrality

Achieving carbon neutrality requires both system-level trans-
formation with high energy efficiency and energy system transfor-
mation with the aim of achieving an electrified production system
[13]. The chemical industry does not operate in isolation. At the 
system level, the recycling of waste, water, and energy is the basic 
approach to achieve zero-carbon development and green pro-
cesses. A four-stage pathway has been proposed for system inte-
gration in the transition of the energy system toward carbon
neutrality. These four stages include smart grids with electrifica-
tion by wind and solar for 2025–2035, smart grids with decar-
bonization of heat and fuels for 2035–2045, eco-energy with
negative emission technologies for 2045–2070, and interstellar
energy with fusion or other future technologies beyond 2070
[14]. Limitations are present to have a net-zero emission cluster. 
System-level challenges include the lack of shared CO2 pipelines 
and hubs, imperfect pipeline construction with CO2 leakages and 
related safety problems, fiscal and tax incentives, and regulatory 
frameworks. Moreove r, the energy system transition toward car-
bon neutrality presents the dual challenges of insufficient public
awareness regarding climate urgency and incomplete market
readiness for innovative technologies that enable the high penetra-
tion of renewables [14]. There is a need for targeted policies such 
as subsidies and labor force upgrading to enable a fair transition.
23
It must be underlined that, although the business of renewable 
energy sources has established a certain market scale and technical 
capabiliti es, traditional fossil fuels continue to dominate global
energy use, and the rapid expansion of renewable energy may
threaten biodiversity [15]. 

Future strategies include integrated energy–chemical systems, 
where renewable power and chemical production are fully inte-
grated and co-optimized. Of course, circular-carbon industrial 
parks, where waste streams from one facility become inputs 
for another, can reduce emissions and resource use simultane-
ously, in addition to the development of environmentally 
friendly materials. Moreover, in the future, it will be important 
to develop novel energy-efficient processes and find new car-
bon-efficient feedstocks, sustainable raw materials, and alterna-
tive fuels. It is also essential to develop carbon-aware supply 
chains, with real-time tracking of embedded emissions, enabling 
low-carbon procurement and transparent reporting. Within these
strategies, the optimal integration among various flows (i.e., of
energy, materials, carbon, and information) can be made faster
with the use of AI. Moreover, AI holds immense potential to
make energy systems more efficient, for example, to make solar
and wind energy more efficient, to predict energy-demand pat-
terns, and to stabilize energy grids. At a system level, in the
future, advanced nuclear reactors will offer improved economics,
sustainability, safety, and operational flexibility, positioning
them as strong candidates for supporting carbon-neutral energy
strategies.

In addition to the above points, innovative directions include 
regional ‘‘carbon twins” (i.e., digital replicas of entire industrial 
clusters for planning and optimization) and the integration of dig-
ital technologies into the energy value chain, ensuring the align-
ment of scaling up renewable and sustainable energy sources
with the reduction of traditional energy dependencies.

In the long term, system-level integration will reshape the 
geography of chemical production. In fact, regions with abundant 
renewable energy, sustainable biomass, and geological storage 
capacity will become global hubs for zero-carbon chemicals. Indus-
trial clusters will evolve into carbon-management ecosystems, 
where CO2, hydrogen, heat, and materials circulate in tightly inte-
grated loops. At the same time, digital platforms will coordinate
carbon flows across entire value chains, enabling unprecedented
transparency and efficiency. Chemical engineering must expand
its scope from process design to system architecture.

System-level integration will not occur spontaneously. Engi-
neering education must expand beyond process design to include 
energy systems, carbon logistics, and digital optimization. 
Research funding must prioritize integrated demonstration pro-
jects, renewable-powered chemical parks, carbon-twin platforms, 
and circular-carbon clusters, rather than isolated technology pilots.
Industrial policy must provide stable incentives for renewable-
energy expansion and cross-sectoral integration. Without coordi-
nated policy, the transition will remain fragmented and slow.

6. Risks in the transition to carbon neutrality and mitigation
strategies

The transition to carbon neutrality involves technological, 
economic, environmental, and societal risks that must be actively 
managed. Technological risks include unreliable emissions data, 
slow digital adoption, CCUS underperformance, and uncertainty 
in negative-emission pathways. These risks can be mitigated 
through standardized data protocols, strong digital infrastructures,
and targeted long-duration pilot projects. Economic risks stem
from high capital costs, unstable carbon-pricing frameworks, and
potential stranded assets. Stable policy signals, incentives for digi-
tal and CCUS retrofits, and coordinated investment are essential
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mitigation measures. Environmental risks include land-use compe-
tition, biodiversity impacts, and possible CO2 leakage from storage 
sites. Rigorous environmental assessments, ecosystem monitoring, 
and transparent certification systems can reduce these risks. Social 
and system-level risks involve limited public acceptance, work-
force disruption, and fragmented infrastructures. These risks can
be addressed through communication strategies, reskilling pro-
grams, and integrated industrial-cluster planning. Overall, effective
risk governance is essential to ensure that the transition to carbon
neutrality is technologically robust, economically viable, and
socially trusted.
7. Conclusion s

Carbon neutrality is not a technical challenge, but it is a redef-
inition of a discipline at a crossroads: Chemical engineering can 
continue to optimize fossil-based systems, or it can reinvent itself 
as the architect of a carbon-neutral and ultimately carbon-negative 
industrial world. Four imperatives stand out: Carbon must be the 
first-class process variable, CCUS must be integrated into the core 
of chemical engineering, the chemical industry must embrace neg-
ative-carbon pathways, and system-level integration must be opti-
mized. The transition to carbon neutrality will unfold unevenly 
across regions, reflecting differences in energy systems, industrial 
structures, and policy maturity. These disparities underline the 
need for coordinated international frameworks aimed at the men-
tioned imperatives. Strengthening policy coordination is therefore
essential to ensure that the chemical industry advances toward
carbon neutrality in a coherent and globally effective manner.
The opportunity is extraordinary: The chemical industry can
become a driver of climate restoration rather than degradation. It
can design processes that not only avoid harm but also actively
repair the atmosphere. The next decade will determine whether
the discipline becomes a climate solution or remains a climate lia-
bility. Chemical engineering must choose to lead.
24
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